Hantavirus comprises a genus in the family Bunyaviridae, and the enveloped virus genome consists of three segments of single-stranded, negative sense RNA (34) . Hantaviruses are known to cause two serious and often fatal human diseases: hemorrhagic fever with renal syndrome and hantavirus pulmonary syndrome (HPS) (27, 33) . Hantaviruses are most frequently transmitted to humans via inhalation of aerosolized virus apparently contained in rodent excreta. Epidemiological studies have shown that peridomestic environments, especially indoor situations with active infested rodents, may represent the greatest risk for human infection (1, 6) .
Hantaviruses cause persistent infections in rodents that are marked by a short acute stage, during which the levels of infectious viruses are high. Subsequently, there is a prolonged chronic stage when the infection is productive but the virus is usually present at much lower levels, which can vary cyclically. The factors contributing to hantavirus persistence in rodents are not yet clearly defined (19) . A single rodent species was found to host a genetically distinct hantavirus, while transient or spillover infections occur from the primary rodent host into other species (5) .
In South America, Andes (AND) hantavirus has been responsible for the large majority of more than 900 HPS cases recorded in Argentina and Chile since 1995 (18, 28) . Personto-person transmission has been described only for the viral lineage AND Sout circulating in southern Argentina and Chile (8, 29, 36, 38) . Moreover, this strain and Maporal virus were the only hantaviruses to produce respiratory disease and to be lethal in hamsters (11, 20) .
The Oligoryzomys longicaudatus is the reservoir of the AND virus Sout lineage (4, 17, 36) . Previous studies have revealed a high prevalence of AND virus-reactive antibody in O. longicaudatus populations in southern Chile and southern Argentina (4, 25) . Other species of rodents in Chile which have tested seropositive include the akodontines Abrothrix olivaceus, Abrothrix longipilis, and Akodon sanborni and two filotenes, Loxodontomys micropus and Phyllotis darwini (23, 31) . There have been no reports of these species involved in human or rodent transmission, and they may represent an overflow of the virus from its typical reservoir host. In Chile's X Region (39 to 44°s outh), the most abundant species include O. longicaudatus, A. olivaceus and A. longipilis, which are sympatric and utilize the same general habitat, with differences in microhabitat and segregation based on seasonal activity (24) . Spatial and temporal superposition of the ranges of these species have been observed at collecting stations (3) .
Field studies with Sin Nombre virus (SNV) (7) indicate that viral transmission occurs primarily via a horizontal mechanism by wounds among rodents (21) . However, a relationship between wounds and horizontal transmission of the AND virus in rodents was not reported. For Seoul virus animal models, infected mice shed virus in urine, feces, and saliva, and intracage transmission was efficient during the acute phase of infection (13) .
The mechanism(s) by which AND virus is maintained in the rodent population is unclear. Using outdoor experimental test enclosures as a quarantine laboratory, we investigated the primary means of infection in nature of AND hantavirus. The mechanism of transmission of AND virus from seropositive to seronegative mice was studied at intra-and interspecies levels by using holding cages that allowed both direct transmission between an infected host and a healthy recipient and indirect transmission through a wire mesh or an environment contaminated with the feces and urine of an infected individual.
MATERIALS AND METHODS
Habitat design. The outdoor experimental facility study area was located within a temperate rain forest at the San Martin Experimental Reserve (39°38ЈS, 73°W), Valdivia, Chile. This forest is 13 m above sea level and is characterized by volcanic soils and precipitation which exceeds 2,000 mm annually, 80% of which normally occurs in the fall and winter. The experimental area was delimited by an outer fence of heavy galvanized wire mesh and an inner fence 1 m high to prevent the entrance of potential predators and to provide adequate warning to unauthorized persons. The inner barrier was sunk 20 cm into a trench filled with gravel (26) . Fine metal screening was attached to the sheet metal to raise the height of the enclosure to 1.8 m, as suggested in the literature for this type of study (2) . The area was maintained clear of low-growing vegetation to facilitate the movement of researchers and the recapture of any possible escaped mice.
Each experimental habitat unit was installed by using a 200 l steel drum buried in the ground, with the top 20 cm above ground level; the drum contained a holding cage (300 ϫ 300 ϫ 140 mm). A total of 20 habitat units were prepared. Food, consisting primarily of safflower seeds and wheat germ, was given ad libitum. For experiments in which test mice were allowed to have only indirect contact, the cage was divided into two compartments by a wire mesh. Each of these compartments included water and food devices. Shavings were changed every 1 or 2 weeks, depending on the degree of dirtiness and humidity. Experimental cages were provided with wood shavings. Between experiments the cages were disinfected with 10% NaHClO 3 or Lysol and sun dried.
Collection and serological screening of wild rodent samples. During 2001 and 2002, rodents were trapped in different localities of the X Chilean Region by using Sherman traps. Blood and tissue samples were collected as previously described (22) . Wild donors were bled only on the capture day. The immunoglobulin G (IgG) response of the rodents was detected in blood samples by using an AND virus-specific enzyme-linked immunosorbent assay (ELISA) as previously described (30) . Briefly, the blood samples (including samples from the controls) were diluted 1:100 and fourfold up to 1:6,400. Recombinant AND virus nucleoprotein (N-AND) was used as a specific antigen. IgG in rodents was detected by using peroxidase-labeled affinity-purified antibody to Peromyscus leucopus IgG (heavy plus light chains) as the conjugate. All commercial reagents were from Kirkegaard and Perry. ABTS (2.2Ј-azino-di[3-ethyl-benzthiazoline sulfonate]) was used as the substrate for peroxidase, and absorbance was measured at 405 nm. The optical density (OD) of each test sample was subtracted from the OD of the corresponding dilution of the unspecific antigen run on the same microtiter plate. Samples with titers of less than 0.2 IgG units were considered negative. Seronegative individuals were kept in the experimental cages for a sufficient period for them to develop detectable antibodies (around 45 days), after which they were again tested to confirm seronegativity and thus qualify to be used in experimentation.
Experimental design. All the transmission attempts were done with wild infected rodents except when experimentally infected animals were used as indicated in Results. The following tests were performed. (i) One seropositive and one seronegative rodent were placed together in the cage located within the drum for 24 h. Evidence of bites or wounds resulting from aggressive behavior was recorded. (ii) One seropositive and one seronegative individual were placed for up to 7 days on each side of a wire mesh-partitioned cage to determine transmission by the aerosol route. (iii) One seropositive animal was placed in a simple cage for 7 days and then removed and, without the cage being cleaned, was replaced by a seronegative animal for a further 7-day period in order to determine viral transmission via feces and urine. Most of the time infected and infectious rodents were passed from a naïve cage to another one or kept waiting in a separate steel drum because the number of infectious rodents was very limited.
Rodent and rodent sample handling in the experimental facility. We adhered strictly to the biosafety recommendations of the Centers for Disease Control and Prevention of the United States in all aspects of this work (22) . Animal handling was carried out in an open atmosphere. Workers were equipped with Tyvek suits fitted with respirators having high efficiency air filters. Recipient mice were recovered from the cages by using Sherman traps and removed to a handling chamber to prevent escape (26) . The mice were tested for seropositivity several times by obtaining 70-to 150-l blood samples in heparinized tubes by retroorbital puncture under ether anesthesia (Fig. 1 ). Experimentally infected rodents were not bled after the seroconversion day. Urine and saliva samples were obtained from some rodents. Saliva was obtained only in rodents Ol24m, Ol25m, and Ol56m by carefully wiping the cheek and tongue areas to prevent breakage of blood vessels and was placed in tubes with Eagle's minimal essential medium with Earle's salts containing 2% heat-inactivated fetal bovine serum medium. Urine samples were collected only from rodents Ol37m and Ao43m by vesicle puncture in order to prevent blood contamination.
Preparation of antisera. Rabbits averaging 2 kg were inoculated subcutaneously with multiple injections (three times at 15-day intervals) with 200 g of N-AND or cell-cultured AND viral fluids. Serum was obtained 20 days after the last immunization. The reactivity of the sera was checked by IgG ELISA.
RNA preparation, RT-PCR amplification, and sequencing. Total RNA from urine and saliva samples and from lung, salivary gland, and kidney tissues of infected rodents was extracted by using Trizol and RNAid kits (Bio 101, Inc.) for RNA purification. One-step reverse transcription (RT)-PCR was performed, followed by a second round of nested or heminested PCR. Specific oligonucleotide primers for amplification and sequencing of the G1-and G2-encoding M-segment fragments (positions 27 to 445 and 2729 to 2946, respectively) were used as previously described. The amplified fragments were AND virus-numbered in the antigenome sense (7, 29) . PCR products were separated on agarose gels, gel purified (QIAquick Gel Extraction Kit; QIAGEN), and sequenced by using ABI PRISM Big Dye Terminator Sequencing kits (Perkin-Elmer Applied 
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Biosystems Division PE/ABI, Foster City, Calif.). Reactions were performed on a Perkin-Elmer GeneAmp PCR System 2400. Comparison of nucleic acid sequences was performed by using N ALIGN, a program of the PCGENE version 6.8 software (IntelliGenetics, Inc., Mountain View, Calif.). IHC assay. One seropositive mouse infected in nature and one seronegative mouse were caged together in the drum for 24 h. After 35 days and once the experimentally infected mouse displayed hantavirus IgG antibodies, both mice were sacrificed, and tissue samples from the lung and salivary glands were fixed in Bouin fixative for 2 to 3 days. After being dehydrated, the tissue samples were embedded in Paraplast. Sections 4-m thick were hydrated and sequentially treated with Proteinase K (Dako, Copenhagen, Denmark) (41) and 10% H 2 O 2 in methanol. The sections were then processed for IHC by using as the primary antibody an antiserum against recombinant N-AND and cell-cultured AND virus that was raised in rabbits (see above), and they were then diluted at 1:8,000. Incubation was in a moist chamber for 18 h at room temperature. The biotinstreptavidin-peroxidase method was used (DAKO kit K0679). 3-Amino-9-ethilcarbazol was used as the electron donor. Sections that were processed for the whole procedure but were not incubated with the primary antibody were used as controls for the immunoreaction.
Nucleotide sequence accession number. Accession numbers of the new sequences obtained are available from GenBank. Few reproductive rodents were positive (4/23). The ratio of positive males to positive females was significantly greater (7:1) than the negative male to negative female ratio (1:1).
RESULTS

Rodent population and AND virus
Direct intracage viral transmission. We investigated the ability of infected mice to transmit infection to cage mates by direct transmission between an infected host and a healthy recipient.
The population was divided into susceptible and donor rodents. Seropositive donor rodents were considered infected, and within this group rodents that were able to infect at least one other animal were considered infectious donors. For the intracage experiments, animals were placed together for 24 h, and then both rodents were placed in a new cage. An infected or infectious rodent was used for a new experiment, and the recipient was quarantined for around 45 days. Out of 130 attempts to transmit infection by coinhabiting infectious donor rodents with seronegative cage mates (experimental design i), 16 cases of viral transmission were recorded, taking in account those animals that seroconverted (Table 1 and Fig. 2 ). Counting only infectious rodents, we obtained 17.2% (16/93) infected animals ( Table 1) . Differences in antibody titers by sex or species were not observed (Fig. 1) .
When rodent wounds from 91 experimental encounters were analyzed, we found two seropositive individuals who had been wounded and six seropositive individuals who had not been wounded. In this way, we found around 9% infected animals in both groups. (Table 2) .
Indirect viral transmission. Another aim of this study was to examine indirect transmission through an environment contaminated by an infected host. None of the 27 experiments in which infected male O. longicaudatus were exposed for 7 days to healthy O. longicaudatus, A. olivaceus, or A. longipilis through a wire mesh cage (experimental design ii) resulted in transmission of the virus infection. Similarly, 20 experiments (8 of 20 using infectious donors) done in order to determine viral transmission via feces and urine were negative (experimental design iii). Four O. longicaudatus and three A. olivaceus were used as susceptible rodents in the dirty cages ( Table 1) .
Efficiency of AND virus infection by species and gender. To examine whether gender influences AND virus infection, the same 2 infectious female O. longicaudatus rodents were placed in contact with 13 male and 11 female susceptible O. longicaudatus; we obtained one male and two female seropositive rodents ( Table 1 ). The numbers of males and females that became infected differed when transmission between Oligoryzomys species was considered. Female rodents were less susceptible than males (5 versus 57%) when we considered only encounters with proven infectious male donor rodents. Encounters between animals of the same gender transmitted the infection more efficiently than those between animals of different genders (Table 1 ). Four out of 22 direct-contact encounters between O. longicaudatus and A. olivaceus resulted in viral transmission with approximately the same efficiency, regardless of the susceptible rodent's gender. Although male O. longicaudatus (females were not tested) were able to infect A. olivaceus, A. longipilis could not be infected in our experimental conditions (Fig. 3) . A distribution of encounters over time is shown in Fig. 3 . We could not obtain a cyclic time pattern of infection related to the day of encounter, suggesting that more than one variable influences transmission. Duration of persistent infection. To examine whether the reservoir host for AND virus is persistently infected in nature and to determine how efficiently it transmits virus over time, rodent Ol31m was placed in contact with noninfected animals at different days until day 428 (Fig. 3) . Viral transmission was efficient on days 8, 125, 210, and 212. On day 512 the animal was sacrificed, and lung tissue was examined for the viral genome by RT-PCR, which was positive (Fig. 2) . Rodent Ol19m was able to infect others until day 408, although before day 330 it did not transmit virus to any of the three (two male and one female) susceptible A. olivaceus or four susceptible female O. longicaudatus rodents (Fig. 3) . Lung tissue from rodent Ol19m was positive by RT-PCR (Fig. 2) .
Viral RNA was identified in saliva samples from two out of three rodents, rodents Ol24m and Ol25m, collected as much as 299 and 519 days, respectively, after the rodents had been infected by a 24-h encounter with an infectious donor rodent, rodent Ol19m or Ol31m. Unfortunately, we did not monitor saliva samples during the experiments because the prevalence of transmission through saliva and not through excreta appeared as a result of the experiments. No nucleotide differences were found between samples from rodents Ol24m and Ol19m or between those from rodents Ol25m and Ol31m when the G1-and G2-encoding M fragments (635 nucleotides) were analyzed.
Although 4 serologically positive male wild-caught O. longicaudatus rodents were unable to infect either 9 susceptible O. longicaudatus rodents (3 males and 6 females) or 19 A. olivaceus rodents (13 males and 6 females), viral RNA from their lungs was amplified. RT-PCR amplification of samples from the four O. longicaudatus-infected rodents was positive for three animals 274 days after capture and after 295 days for the other. Viral antigen was also in these tissues by IHC.
Viral RNA was not amplified in urine obtained by vesicle puncture either in infectious rodent Ol37m 463 days after capture or in infectious rodent Ao43m after 235 days of infection. However, in both animals viral RNA was amplified from lung tissue. Kidney and salivary glands from infectious rodent Ol37m were also positive by RT-PCR (Fig. 2) .
IHC. The results of IHC of lung tissue from naturally and experimentally infected mice are shown in Fig. 4 . By using cell-cultured AND virus antiserum, immunoreactive hantavirus proteins were detected in most of the epithelial cells lining the alveoli and in some endothelial cells of the septal capillaries. In some epithelial cells, the immunoreaction appeared as scarce granules distributed throughout the cytoplasm; other cells were loaded with immunoreactive particles (Fig. 4A) . No reaction was detected in control tissue samples from noninfected rodents (Fig. 4C) . IHC of the salivary glands also revealed a strong reaction, while control sections showed no reaction (data not shown).
The cell distribution and amount of immunoreactive AND virus proteins in the lung of the experimentally infected mouse (Fig. 4B ) completely resembled that of the naturally infected mouse. When N-AND immunosera was used, a similar staining pattern was obtained (data not shown). 
DISCUSSION
Our study was designed to contribute to an understanding of the timing and conditions under which transmission of AND virus in reservoir populations takes place.
The simulated habitat system used in this work complied with biosafety level 4 conditions similar to those previously described (2) . This study represents the first experimental manipulation with AND hantavirus in rodents, showing horizontal transmission of the virus between wild mice by a direct contact route.
Several important differences are found when our results are compared with a previous work on SNV, where a single case of transmission between Peromyscus maniculatus occurred in a total of 54 attempts at 14-day intervals at exposure to experimentally infected animals in the same cage (2) . At variance, AND virus transmitted virus more efficiently among cage mates; of 130 attempts at transmission by direct contact, 12.3% were successful. The efficiency rate is even higher (16 of 93) when only rodents that proved to be infectious are considered. From these 93 attempts, 57 encounters were done with O. longicaudatus as susceptible rodents, 22 were done with A. olivaceus as susceptible rodents, and only 14 were done with A. longipilis as susceptible rodents. This last species has not been infected. However, because of the low number of animals used in the experiments, we cannot completely exclude the possibility that they could become infected. The lack of virus transmission between infected and healthy animals coinhabiting the same cage and separated by a wire mesh for 7 days could be attributed to the lack of physical contact or to the experimental design properties, which did not include air turbulence, which might mimic the conditions in nature.
In most infected animals, the anti-N-AND antibodies were evident 16 to 26 days after experimental transmission (Fig. 1) .
This period is similar to the incubation period of 12 to 27 days estimated for AND virus in humans (28) . For SNV, this period is thought to be 9 to 33 days (40). Our results also reaffirm the need for maintaining test animals in quarantine long enough to produce detectable circulating antibodies before declaring them seronegative (2) .
A laboratory study of another etiologic agent of HPS, Black Creek Canal virus, in its natural reservoir, Sigmodon hispidus, resulted in persistent infections and virus shedding for at least 150 days (12) . For AND virus, infectious virus was determined to be present at least as long as 408 days from the last positive transmission. The delay in transmission from rodent Ol19m is surprising, but it could be due to the use of rodents of lesssusceptible gender and species, as was observed with rodent Ol37m, which did not transmit the virus during a 7-month period when it had no encounters with male O. longicaudatus rodents.
Intermittent shedding may have occurred during persistent infection, as transmission was effective in 57% of the attempts where the donor was infectious and the gender and species of the receptor rodent were the most appropriated. From these experiments it is not clear why nearly one out of two encounters rendered productive transmission. Bleeding infectious donors could have been useful in finding out if intermittent shedding occurred, but as this study was designed to learn the capability of Andes virus-infected rodents to transmit infection to other animals, we tried to keep conditions as natural as possible, avoiding stressing rodents by manipulation or introducing other variables that could modify the mimic the donor rodent system and viral transmission. The types of interactions we have attempted to study in the present investigation do not reflect all aspects of behavior thought to be important in determining patterns of infection. Also important is the fact that at the time the experiments were designed we had not planned to evaluate seasonal variations in transmission efficiency. However, we observed that there were twice as many positive transmissions from intra-O. longicaudatus encounters in spring and summer than in fall or winter. A study of wild-caught Apodemus species in eastern Russia suggested increased viral replication in the spring and summer months when rodents are most active, probably influenced by seasonal physiological changes (35) .
Negative results obtained in attempts to infect mice by the fecal and/or urine route are not definitive, due to the small number of tests performed. We obtained negative PCR results from urine from an infectious rodent, although a kidney sample was positive. This finding could be due to the virus being located only in blood or tissue cells. Nevertheless, in three urine samples we could not detect viral genomic RNA although the virus was present intermittently in urine. Whether urine represents an important source of infection needs more investigation, since human infection has been postulated as occurring by contact with rodent excretory residues in lowincome dwellings (16) . Seoul virus-infected rats excrete virus in urine but virus shedding was not consistently observed (15) .
Horizontal transmission between rodents through biting and direct contact between mucosae during aggressive encounters between larger, heavier males has been described for P. maniculatus (21) . Also, a positive relationship has been established between seropositivity and wounded animals, both with hantavirus reservoirs of hemorrhagic fever with renal syndrome (37) and reservoirs of SNV (21) . We have found that infected individuals showed as much evidence of wounds as noninfected animals. Interestingly, nonaggressive contact patterns have been described for the rodent species studied in this work: they may mount each other or engage in sniffing, touching, and mutual exploration, during which physical contact occurs (10) . Collections carried out in 1998 and 1999 in different sectors of Chile's X Region produced different percentages of wounded animals among the three most abundant rodent species (3); it was suggested that these species showed a hierarchical pattern of aggression, with A. olivaceus being the most aggressive, followed by O. longicaudatus, and finally by A. longipilis, which had the lowest level of aggressive behavior either in intraspecies encounters or in interspecies encounters with O. longicaudatus (10) . The presence of scars on the head, ears, body, or tail may be considered indicators of intraspecies or interspecies encounters. The results obtained either in the field or in this AND virus transmission experiment should be taken as evidence that viral transmission following bites does not account for the greater prevalence of infection in O. longicaudatus. Our data underscore the significance of bite wounds or scars in AND virus infection. Moreover, infection in the susceptible rodents resulted in persistent infection and viral shedding into the environment, as was demonstrated by the chains of infection. Based upon our transmission data, it seems unlikely that wounds play a major role in the maintenance of AND virus. It is likely that other factors, such as grooming or aerosol transmission, are required for efficient AND virus transmission. Thus, horizontal transmission in this species is probably mediated by the presence of the virus in salivary secretions that, in turn, contaminate other elements (like hair or food); aerosols containing the virus could then be formed after saliva is dried out. The infection might be transmitted by inhaling aerosols from contaminated materials or by directly inhaling saliva aerosols, as happens in person to person transmission in close and prolonged contact situations described in Argentina. The primary mode of transmission appears to be direct mucous membrane (eyes, nose, and mouth) contact with saliva or respiratory droplets (29, 32) . Whether intermittent secretion of the virus into rodent saliva could account for the low incidence of transmission remains to be examined.
Horizontal transmission to cage mates was also demonstrated, with the highest transmission occurring when male O. longicaudatus rodents were used as recipients. It has already been suggested that virus maintenance in endemic foci might be related to the grooming behavior of voles (39) . Field surveys of several rodent species, including brush mice, deer mice, harvest mice, bank voles, and cotton rats, indicate that males are more commonly infected than females (14) . Our experimental data confirm these results only for O. longicaudatus to O. longicaudatus transmission. In North America, the prevalence of antibody to SNV among male deer mice, brush mice, and western harvest mice is at least twice that among females (21) , and scarring appears associated with antibody in some of these species. In our experiments, males and females are not equally susceptible to infection with AND virus. On the other hand, male and female rats are equally susceptible to infection with Seoul virus, and it was shown that males shed virus in saliva and feces longer than females (9), which could be also inferred for rodents with AND virus. Differences in behavior due to gender could be an alternative explanation.
Although we have demonstrated that A. olivaceus can be infected, the epidemiological relevance of A. olivaceus in South America could be clarified only by genetic studies matching the viruses from this host species with viruses obtained from human patients.
The question of how, if at all, the virulence of any particular pathogen is linked to its transmissibility is important, because transmission determines the evolutionary success of pathogenic organisms. AND hantavirus is harbored in several tissues of the infected rodent reservoir, but the salivary glands and the lung seem to be most important in the transmission mechanism. It is generally believed that hantavirus infection in rodents is lifelong and has no deleterious effects (19) . Both SNV and Hantaan primarily infect endothelial cells without causing apparent cytopathic effects (41) . In our study, epithelial cells were as immunoreactive as endothelial cells. Studies focusing on localization of the virus in epithelial cells by using specific cell markers are under way in our laboratories.
There are two significant implications of our results. A significant observation of this investigation is that experimental transmission of AND virus is possible between rodents of the O. longicaudatus species and between those of O. longicaudatus and A. olivaceus. The other contribution is insight into the probable mechanisms of transmission of AND virus within reservoir populations, which indicates that saliva is the principal mode of transmission but does not discard the fecal and/or urine route.
There is clearly a need to obtain direct estimates of the contact behavior important in transmission of aerosol-or saliva-borne close-contact infections in both rodents and humans.
Reservoir studies are an essential component of any inte-grated public health response to emerging zoonotic diseases.
Although the results derived from this study are not generalizable to the wild population, the study did identify some interesting patterns of contact which may have epidemiological implications.
